The mechanisms of oxidation of a series of a-alkyl substituted mono and dimethoxylated benzyl alcohols catalysed by mesotetrakis(4-N-methylpyridynium)porphyrin iron (III) chloride (FeTMPyPCl) and meso-tetrakis(4-sulfonatophenyl)porphyrin iron (III) chloride (FeTSPPCl) in aqueous solution with KHSO 5 as oxygen atom donor and by meso-tetrakis(pentafluorophenyl)-porphyrin iron (III) chloride (FeTPFPPCl) in dichloromethane employing iodosylbenzene as oxidant have been investigated. In the highly polar aqueous medium an electron transfer mechanism is operating. With FeTMPyPCl, which is a much more efficient catalyst than FeTSPPCl due to the presence of stronger electron withdrawing substituents, formation of side-chain oxidation products accompanies generation of nuclear oxidation products. In the low polar solvent dichloromethane, two competing mechanism have been suggested: hydrogen atom transfer and formation of a complex between the active species iron-oxo porphyrin radical cation and the substrate.
Introduction
Metalloporphyrins are synthetic analogues of the prosthetic group of heme enzymes which catalyse the oxidation of several substrates [1] . The control of the catalytic activity of the heme enzymes, in terms of substrate specificity, chemoselectivity, oxidant activation and oxidation rate, is due to the proximal ligand, the distal amino acid residues and the protein itself. In the biomimetic system it is possible to control the catalytic activity by using different metals and ligands. In order to prevent the easy oxidation of the meso-positions of the porphyrin ring, four phenyl groups are introduced in these positions. This substitution also reduces the irreversible formation of catalytically inactive µ-oxo complexes [2] . The introduction of hydrophilic substituents on the phenyl rings allowed the synthesis of water-soluble tetraarylporphyrins. These systems can better mimic the behaviour of water-soluble hemeenzymes. Either cationic or anionic groups have been introduced as in meso-tetrakis (4-N-methylpiridinium) porphyrin iron (III) chloride (FeTMPyPCl) [3] and mesotetrakis(4-sulfonatophenyl)porphyrin iron (III) chloride (FeTSPPCl) (Fig. 1) [4] .
The active oxidant, an iron-oxo-complex radical cation structurally similar to that involved in the enzymatic reactions [5] [6] [7] [8] [9] [10] [11] , is formed by reaction of the metalloporphyrin with different oxygen donors (DO in Scheme 1), the most important being hydrogen peroxide, t-butyl hydroperoxide, sodium hypochlorite, m-chloroperbenzoic acid, iodosylbenzene, magnesium monoperoxyphtalate, potassium monopersulfate and molecular oxygen plus reducing agent. The choice of the oxygen donor depends on the substrate structure, the catalyst and the reaction medium.
The active species is able to promote several oxidative processes. In recent years particular attention has been given to the catalysis of the oxidation reactions involved in degradation of lignin. The oxidative degradation of lignin is a process of fundamental importance not only because it can convert lignin into low molecular weight aromatic compounds, thus making this polymer a renewable source for the industrial preparation of a number of chemicals [12] , but also because the selective degradation of lignin and its removal from the carbohydrate component of wood is a key step in the pulp and paper industry [13] . In this context water soluble iron porphyrins can be considered good model systems of lignin peroxidase (LiP), one of the most important delignifying enzymes. For mechanistic studies and for the evaluation of the possible catalytic activity of metalloporphyrins low molecular weight lignin model compounds (LMCs) have been used as substrates [5] . Among the metalloporphyrins, the sulfonated ones were found to be the most suitable in the modelling of LiP [14] . Hydrogen peroxide would be the environmentally preferable oxidant but its ability to activate the catalyst is rather low [15] . Potassium monopersulfate or m-chloroperbenzoic acid are more effective porphyrin oxidants [16] . For example the KHSO 5 /sulfonated metalloporphyrin system has been tested with good results in the oxidative cleavage of the C a -C b bonds in propane diol derivatives [15, 17] . Although several papers appeared in the literature on this topic [15, [18] [19] [20] [21] , a comprehensive mechanistic study of the structural effects of the substrate, of the metalloporphyrin ligand and of the solvent is still lacking. To this purpose we have considered it worthwhile to investigate the oxidation of a series of a-alkyl substituted mono and dimethoxylated benzyl alcohols 1-8 ( Fig. 2) , as monomeric non-phenolic models of coumaryl and coniferyl units of lignin. Mesotetrakis(4-N-methylpyridyl)porphyrin iron (III) chloride (FeTMPyPCl) and meso-tetrakis(4-sulfonatophenyl) porphyrin iron (III) chloride (FeTSPPCl) have been used as catalysts in aqueous solution in combination with KHSO 5 as the oxygen atom donor. For the reactions in organic solvent (CH 2 Cl 2 ) the efficient catalyst Mesotetrakis(pentafluorophenyl)porphyrin iron (III) chloride (FeTPFPPCl) has been used [22] [23] [24] [25] [26] [27, 28] . 
Materials
All the solvents were of the highest commercial quality available and used without further purification. Milli-Qfiltered water was used for all solutions. Tetrasodium, meso-tetrakis(4-sulfonatophenyl)porphyrinato iron (III) chloride (FeTSPPCl), Meso-tetrakis(pentafluorophenyl) porphyrinato iron (III) chloride (FeTPFPPCl) and KHSO 5 are commercially available and used without further purification.
Meso-tetrakis(4-N-methylpyridynium) porphyrinato iron (III) pentachloride was prepared by metallation of the commercially available ligand as reported in the literature [3] . Iodosylbenzene was prepared by hydrolysis of iodosylbenzene diacetate [29] . Co(III)W was prepared using the literature procedure [27] with some modifications [28] . Substrates 1-4 were available from a previous work [30] . Substrates 5-8 were synthesised according to previously described procedures [30] : 1-(3,4-dimethoxyphenyl)-1-ethanol (5) was prepared by reduction of 3,4-dimethoxyacetophenone with NaBH 4 ; 1-(3,4-dimethoxyphenyl)-1-propanol (6) was prepared by reaction of ethylmagnesium bromide with 3,4-dimethoxybenzaldehyde; 1-(3,4-dimethoxyphenyl)-2-methyl propanol (7) and 1-(3,4-dimethoxyphenyl)-2,2-dimethyl propanol (8) were prepared by reaction of 3,4-dimethoxyphenylmagnesium bromide with the appropriate acid chloride (isobutyryl chloride and trimethylacetyl chloride, respectively) followed by reduction with NaBH 4 . Reaction products: 4-methoxybenzaldehyde, 3,4-dimethoxybenzaldehyde, 4-methoxyacetophenone, 3,4-dimethoxyacetophenone and 4-methoxypropiophenone are commercially available. 1-(3,4-dimethoxyphenyl)-1-propanone was prepared from 1-(3,4-methoxyphenyl)-1-propanol by oxidation with MnO 2 according to a literature procedure [31] .
2-Methyl-1-(4-methoxyphenyl)-1-propanone, 1-(3,4-methoxyphenyl)-2-methyl-1-propanone and 1-(3,4-methoxyphenyl)-2,2-dimethyl-1-propanone have been prepared as precursors of compounds 3, 7 and 8. [32] . No products were observed in experiments carried out in the absence of either the catalyst or the oxidant.
Oxidation of Compounds 5-8 by FeTSPPCl/ KHSO 5
The substrates 5-8 (20 mmol, 500 ml of a solution 0.04 M in CH 3 CN) and FeTSPPCl (0.2 mmol, 500 ml of a solution 4 mM in 0.1 M potassium phosphate buffer, pH 3) were added to 1 mL of 0.1 M potassium phosphate buffer, pH 3. The solutions were gassed with argon for 15 min, under magnetic stirring in a Schlenk tube at 25ºC. KHSO 5 (20 mmol) in 0.5 ml of 0.1 M potassium phosphate buffer at pH 3 was added gradually over a period of 60 min by an infusion pump. Workup and product analyses were the same as described in the oxidation with the FeTMPyPCl/KHSO 5 system.
Oxidation of Compounds 5-8 by FeTPFPPCl/ PhIO [33]
The substrates 5-8 (125 mmol) in 1 mL of dry dichloromethane were reacted with FeTPFPPCl (1.25 mmol, 25 ml of a solution 50 mM in dry dichloromethane) and PhIO (13.7 mg, 62.5 mmol) under an argon atmosphere for 3 h. At the end 1 mL of Na 2 S 2 O 5 (1 M) and 200 ml of a 0.1 M solution of the internal standard, 4-methylbenzophenone, in acetonitrile were added. The organic layer was separated and dried over anhydrous Na 2 SO 4 . After evaporation of the solvent the reactions were analysed by 1 H NMR, GC-MS and GLC. All of the reaction products were identified by comparison with authentic specimens with the exception of 1-(3,4-dimethoxyphenyl)-2,2-dimethyl-1-propanone which was identified on the basis of the 1 H NMR signals at 0.9 d attributable to the methyl group protons. No products were observed in experiments carried out in the absence of either the catalyst or the oxidant.
Oxidation of Compounds 5-8 promoted by Co(III)W
The substrates 5-8 (20 mmol, 500 ml of a solution 0.04 M in CH 3 CN) and Co(III)W (66 mg, 20 mmol) were added to 1.5 mL of potassium phosphate buffer solution 0.1 M at pH 3 previously gassed with argon for 15 min under magnetic stirring in a Schlenk tube. The mixture was kept at 25ºC under an argon atmosphere for 12 h. Workup and product analyses were the same as described in the oxidation with the FeTMPyPCl/KHSO 5 system.
Results

Oxidation of compounds 1-8 by the FeTMPyPCl/KHSO 5 system
The oxidations of alcohols 1-8 with KHSO 5 catalysed by FeTMPyPCl were carried out in 0.1 M aqueous potassium phosphate buffer, pH 3, at 25ºC and under an argon atmosphere. The substrate/oxidant/catalyst ratios were 100:300:1 (oxidation of 1-4) or 100:100:1 (oxidation of 5-8). KHSO 5 was added gradually over 10 min (oxidation of 5-8) or 60 min (oxidation of 1-4) by means of a syringe pump. Reaction products were analysed by GC, GC-MS and 1 H NMR. The results are reported in Table 1 . In the oxidation of 1, 2 and 3 the only reaction products, formed in very low yields, were respectively 4-methoxyacetophenone, 4-methoxypropiophenone and 2-methyl-1-(4-methoxyphenyl)-1-propanone. The only product, formed in low yield, in the oxidation of 4 was 4-methoxybenzaldehyde. In the oxidation of 5 the formation of the major product, 1-(3,4-dimethoxyphenyl)-1-ethanone was accompanied by the formation of 2-methoxy-5-(hydroxyethyl)-2,5-cicloexadiene-1,4-dione and of dimethyl 3-(1-hydroxyethyl)muconate. Similar results were obtained in the oxidation of 6 which leads to 1-(3,4-dimethoxyphenyl)-1-propanone as the major product accompanied by minor amount of 2-methoxy-5-(hydroxypropyl)-2,5-cicloexadiene-1,4-dione and of dimethyl 3-(1-hydroxypropyl)muconate. In the oxidations of 5 and 6 no formation of 3,4-dimethoxybenzaldehyde was observed. The oxidation of 7 led to the formation of 1-(3,4-dimethoxyphenyl)-2-methyl-1-propanone, 2-methoxy-5-(1-hydroxy-2-methylpropyl)-2,5-ciclohexadiene-1,4-dione, dimethyl 3-(1-hydroxy-2-methylpropyl)-muconate and minor amounts of 3,4-dimethoxybenzaldehyde. 3,4-Dimethoxybenzaldehyde was the major product in the oxidation of 8 accompanied by minor amount of 2-methoxy-5-(1-hydroxy-2,2-dimethylpropyl)-2,5-ciclohexadiene-1,4-dione and dimethyl 3-(1-hydroxy-2,2-dimethylpropyl) muconate. No formation of 1-(3,4-dimethoxyphenyl)-2,2-dimethyl-1-propanone was observed.
Oxidation of compounds 1-8 by the
FeTSPPCl/KHSO 5 system atmosphere. The substrate / oxidant / catalyst ratio was 100:100:1. KHSO 5 was added gradually over 60 min. Reaction products were analysed by GLC, GC-MS and 1 H NMR. No products were observed in the oxidation of substrates 1-4. The results of the oxidation of substrates 5-8 are reported in Table 2 . In the oxidation of 5 and 6 the only reaction products were respectively, 1-(3,4-dimethoxyphenyl)-1-ethanone and 1-(3,4-dimethoxyphenyl)-1-propanone. In the oxidation of 7 the formation of the major product, 1-(3,4-dimethoxyphenyl)-2-methyl-1-propanone, was accompanied by traces of 3,4-dimethoxybenzaldehyde. The latter product was the only one observed in the oxidation of 8.
Oxidation of compounds 5-8 by the FeTPFPPCl/PhIO System
The oxidations of alcohols 5-8 with PhIO catalysed by FeTPFPPCl were carried out in dry dichloromethane at 25ºC and under an argon atmosphere. The substrate / oxidant / catalyst ratio was 100:50:1. After 3 h, 1mL of Na 2 S 2 O 5 (1 M) and the internal standard were added. Reaction products were analysed by GLC, GC-MS and 1 H NMR. The results are reported in Table 2 . The oxidation of 5 led to the formation of 1-(3,4-dimethoxyphenyl)-1-ethanone as the only product. In the oxidations of 6, 7 and 8 the formation of the major product, 3,4-dimethoxybenzaldehyde, was accompanied by minor amounts of 1-(3,4-dimethoxyphenyl)-1-propanone, 1-(3,4-dimethoxyphenyl)-2-methyl-1-propanone and 1-(3,4-dimethoxyphenyl)-2,2-dimethyl-1-propanone, respectively.
Oxidation of Compounds 5-8 with Co(III)W
The oxidations of substrates 5-8 with Co(III)W were carried out in 0.1 M aqueous potassium phosphate buffer, pH 3, at 25ºC and under an argon atmosphere. Equimolar amounts of the substrate and the oxidant have been used. Reaction products were analysed by GLC, GC-MS and 1 H NMR. The results are reported in Table 3 along with the results of the oxidations of compounds 1-4 available from the literature [30] . In the oxidation of 5 and 6 the only reaction products were 1-(3,4-dimethoxyphenyl)-1-ethanone and 1-(3,4-dimethoxyphenyl)-1-propanone, respectively. In the oxidation of 7 the formation of the major product, 1-(3,4-dimethoxyphenyl)-2-methyl-1-propanone, was accompanied by small amounts of 3,4-dimethoxybenzaldehyde. The oxidation of 8 led to 3,4-dimethoxybenzaldheyde as the only product.
Discussion
The results of the oxidation of alcohols 1-8 by Co(III)W (Table 3) . This species undergoes the C a -H bond cleavage and/or cleavage or the C a -R bond cleavage depending on the R structure. Thus, in the oxidation of 5 (R = Me) the radical cation undergoes exclusively the C a -H bond cleavage (Scheme 2, path b). The a-hydroxybenzylic radical is then further oxidised by a second molecule of Co(III) W and after proton loss 3,4-dimethoxyacetophenone is formed (Scheme 2, path c). In a similar way in the oxidation of 6 (R = Et) the only product, 1-(3,4-dimethoxyphenyl)-1-propanone, is produced by C a -H bond cleavage in 6 , is accompanied by small amounts (1%) of 3,4-dimethoxybenzaldehyde. This product is formed by C a -C b bond cleavage (Scheme 2, path d). Thus, when R = iPr, a competition between C a -H and C a -C b bond cleavage is observed. In the oxidation of 8 (R = tBu) the only product is 3,4-dimethoxybenzaldehyde indicating that 8 +• undergoes exclusively the C a -C b bond cleavage.
The observed trend for the competition between C a -H and C a -C b bond cleavage in the radical cations 5 +• -8 +• can be rationalised on the basis of the different stabilities of the radical R
• formed in the C a -C b bond cleavage process. Accordingly, the aldehyde / ketone ratio increases from 5 to 8, that is increasing the stability of the alkyl radical R
• in the order CH 3
• . When these results are compared with those reported for the oxidation of substrates 1-4 [30] , it can be noted that in monomethoxylated aromatic radical cations the C a -C b bond cleavage seems to be more favoured over the C a -H bond cleavage as compared to the dimethoxylated aromatic radical cations. In fact in the oxidation of 2 significant amounts of 4-methoxybenzaldeyde are formed, while in the oxidation of 6 the only product observed is 1-(3,4-dimethoxyphenyl)-1-propanone. Moreover 4-methoxybenzaldehyde is the major product in the oxidation of 3 while only small amounts of 3,4-dimethoxybenzaldehyde are formed in the oxidation of 7. These observations are in accord with the results obtained in the oxidation of the trimeric lignin model compounds catalysed by the LiP/H 2 O 2 system [34] . Accordingly, a competition between C a -H and C a -C b bond cleavage was observed in the b fragmentation of dimethoxylated aromatic radical cations whereas monomethoxylated aromatic radical cations underwent only C a -C b bond cleavage.
On the basis of the results obtained in the oxidations by Co(III)W, the formation of 4-methoxybenzaldehyde in the oxidation of 4 promoted by the FeTMPyPCl/ KHSO 5 system [35] and the formation of 3,4-dimethoxybenzaldehyde in the oxidation of 7 and 8 promoted by the FeTMPyPCl/KHSO 5 and FeTSPPCl/ KHSO 5 systems, fully support an electron transfer (ET) mechanism in these systems. In the ET mechanism the active iron-oxo complex radical cation [Por Table 1 ) also supports the hypothesis of an ET process since monomethoxylated aromatic rings are more difficult to oxidise than dimethoxylated ones due to their higher redox potential [36] . In case of a HAT process the introduction of an additional methoxy substituent in the 3-position of the aromatic ring should not effect significantly the rate of oxidation, since the benzylic C-H bond dissociation energy should not be very different for the mono and dimethoxylated systems.
The distribution of the side-chain oxidation products for the reactions of substrates 5-8 with the FeTMPyPCl/ KHSO 5 and FeTSPPCl/KHSO 5 systems (Tables 1  and 2 ) can be compared with those obtained in the oxidation of the same substrates with Co(III)W (Table 3) . In all cases a similar trend of the competition between C a -H and C a -C b bond cleavage is observed. In fact in the oxidation of substrates 5 and 6 promoted by both of the biomimetic systems, the only products are those due to the C a -H bond cleavage: 3,4-dimethoxyacetophenone and 1-(3,4-dimethoxyphenyl)-1-propanone, respectively. In the oxidation of substrate 7 a small amount of 3,4-dimethoxybenzaldehyde is formed together with the formation of the major product 1-(3,4-dimethoxyphenyl)-2-methyl-1-propanone. Again, in the oxidation of 8, the only process observed is the C-C bond cleavage which leads to the formation of 3,4-dimethoxybenzaldehyde as the only product. It is interesting to note that in the reactions of substrates 5-8 with the FeTMPyPCl/ KHSO 5 system, the formation of the side-chain oxidation products is accompanied by the formation of products of oxidation of the aromatic ring: 2-methoxy-5-hydroxyalkyl-2,5-cyclohexadiene-1,5-diones and dimethyl 3-(1-hydroxyalkyl)muconates. Formation of nuclear oxidation products has been observed in the oxidation of dimethoxylated aromatic compounds catalysed by iron porphyrins and has been rationalised on the basis of an ET mechanism [21] . Once formed, the radical cation undergoes attack on the aromatic nucleus by the reduced iron-oxo complex [Por-Fe(IV)=O].
Following the suggestion by Artaud et al. [21] , this attack likely occurs in the solvent cage (Scheme 4, path d) before the separation of the free reduced iron-oxo complex and radical cation species (path b) from which the side-chain oxidation products are formed (path c). According to the mechanisms proposed, 2-methoxy-5-hydroxyalkyl-2,5-cyclohexadiene-1,5-diones should be formed by attack of the reduced iron-oxo complex to the ortho position (Scheme 5), whereas dimethyl 3-(1-hydroxyalkyl)muconates should be formed by attack of the reduced iron-oxo complex to the meta position (Scheme 6).
It is interesting to note that the FeTMPyPCl/ KHSO 5 system was much more reactive than the FeTSPPCl/KHSO 5 system, as indicated by the fact that monomethoxylated substrates 1-4 reacted only with the cationic porphyrin moreover, with the former system higher yields of oxidation products are observed in the reactions of dimethoxylated compounds 5-8. The higher reactivity of FeTMPyPCl as compared to that of FeTSPPCl is likely due to the presence of stronger electron withdrawing substituents on the porphyrin ligand that not only increase the stability of the ironoxo complex in the oxidative reaction conditions but also increase the redox potential of the catalyst [22, 23, 39, 40] . The observation that nuclear oxidation products are observed only in the oxidations catalysed by FeTMPyPCl and not in those catalysed by FeTSPPCl is also in accordance with the greater reactivity of the former catalyst. The ratio between nuclear to side-chain oxidation products should depend on the ability of the reduced iron-oxo complex [Por-Fe(IV)=O] to attack the radical cation in the solvent cage before it escapes FeTMPyPCl, the reduced iron-oxo complex is highly reactive and attacks the aromatic nucleus in the solvent cage whereas in the oxidations of the same substrates catalysed by FeTSPPCl the reduced iron-oxo complex is less reactive and the radical cation can escape from the solvent cage leading exclusively to side-chain oxidation products. The absence of nuclear oxidation products in the oxidation of substrates 1-4 catalysed by FeTMPyPCl can be rationalised on the basis of the insufficient activation of the aromatic ring when only one methoxy group is present. The results obtained in the oxidation of substrates 5-8 in organic solvent (Table 2 ) are significantly different from those obtained in aqueous solution. In the oxidation of 5 with the FeTPFPPCl/PhIO system the only product formed is again 3,4-dimethoxyacetophenone, however the oxidation of substrates 6, 7 and 8 leads to both 3,4-dimethoxybenzaldehyde and the aromatic ketones with aldehyde/ketone ratios which are increased by increasing the stability of R
• . The presence of 3,4-dimethoxybenzaldehyde among the products cannot be explained by a HAT mechanism as recently reported in the literature for the oxidation of benzyl alcohols by highvalent iron-oxo complexes [41] . The occurrence of an ET mechanism is also unlikely since it has been found that under the same conditions monomethoxylated and unsubstituted benzyl alcohols display similar reactivity [33] . In line with the previous suggestions [33] it is possible to rationalise the observed aldehyde/ ketone ratios in the oxidation of substrates 5-8 with a competition between the HAT mechanism, from which the aromatic ketones are produced (Scheme 7, path a), and the formation of an intermediate complex between the alcohol and the iron-oxo complex radical cation (Scheme 7, path b) which decomposes to give the product of C a -C b bond cleavage. The fragmentation of this complex leads to 3,4-dimethoxybenzaldehyde and the alkyl radical R
• (path c). Again the C a -C b bond cleavage is influenced by the relative stability of the alkyl radical R
• in accordance with the trend observed in Table 2 . It is interesting to note that the aldehyde/ketone ratios are always higher in dimethoxylated substrates 5-8 as compared to monomethoxylated ones 1-4, thus suggesting that a more stable intermediate complex is formed when the aromatic ring of the benzyl alcohols is substituted with two methoxy groups.
Conclusions
The results of this study demonstrate that the mechanism of oxidation of LMCs catalysed by biomimetic systems depends on solvent polarity. In highly polar aqueous solution an electron transfer mechanism is operating for the oxidations of substrates 1-8 whereas, in a low polarity solvent like dichloromethane, the data are more consistent with the operation of two competing mechanisms: HAT and formation of a complex between the active iron-oxo porphyrin radical cation species and the substrate. The presence of stronger electron withdrawing substituents on FeTMPyPCl makes this catalyst more efficient than FeTSPPCl. With the former system the formation of side-chain oxidation products is accompanied by nuclear oxidation products. The absence of nuclear oxidation products with FeTSPPCl indicates that this catalyst is a more suitable mimic of the behaviour of LiP since in the enzymatic system the attack of the reduced iron-oxo complex to the aromatic ring of the radical cation is hindered by the restricted access to the heme active site. 
